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ABSTRACT 
Reference values for compression strength perpendicular to the grain were determined for radial 
and tangential sections of samples of sugar maple and ponderosa pine. Samples to be glued were 
matched according to specific gravity and orthotropic structure and bonded along the grain in tangential 
or radial sections. Magnitude of clamp pressure was controlled throughout a range of pressures com- 
monly applied in industry, up to about 80°/o of the compression strength of the wood sample. Tests 
were conducted on the bonded samples to determine glueline shear strength and percent of wood 
failure at the bonded surfaces. Results were subjected to regression analysis to ascertain relationships. 
It was determined that clamping pressure had a different effect on both shear strength and percent of 
wood failure depending on species and orthotropic section. It is possible to maximize joint strength 
by applying proper clamping pressure. Results similar in direction but differing in magnitude were 
obtained with both PVAc and U-F adhesives. A generalized measure of clamping pressure was defined 
as the ratio of applied clamping pressure to the compression strength (CP/CS) of the wood section to 
be glued. Using this concept, the optimum clamping pressure for sugar maple was found to be 0.3 
times compression strength using U-F glue and 0.5 times using PVAc glue. This approach to deter- 
mining reliable clamping pressure data can lead to improved gluing practice and more precise testing 
procedures. 
Keywords: Clamping pressure, glueline strength, glueline testing, optimum clamp pressure, ortho- 
tropic wood structure, percentage of wood failure, wood bonding. 
INTRODUCTION that emits no volatile substances and causes 
In theory, wood members having perfectly during the curing or setting 
plane, smooth surfaces can be satisfactorily Process. In practice, however, this ideal situ- 
fastened together with little or no pressure ation never occurs. The interrelationships 
(Baumann and Marian 196 1 ; Kollmann et ale among factors in the gluing process 
1975; Zenkteler 1968) when using an adhesive and the effects On strength of glued 
joints are complex and may not yet be fully 
understood. 
' Excerpts from this paper were presented at the ASTM This study grew out of a desire to identify 
D-14 committee meeting, Mar. 27-3 1, 1989, in Monterey, wood gluing techniques. The mag- 
CA and at the FPRS meeting, June 26-29, 1989 in Reno, nitude of clamp Pressure applied in the gluing 
NV. process is one of the factors that significantly 
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influence glueline strength and percentage of 
wood failure in tested joints. It was determined 
that reliable data on optimum clamp pressure 
can lead to better wood gluing practice. 
BACKGROUND 
Several authors have shown that clamp pres- 
sure serves a number of purposes in the cre- 
ation of strong glued joints: 
1. It forces the adhesive into a thin film and 
brings it into contact with the surfaces to 
be bonded (Cagle 1968; Selbo 1975). 
2. It overcomes viscous resistance to spread- 
ing of the adhesive film at curing or setting 
temperature (Baumann and Marian 196 1 ; 
Forest Products Lab 1974). 
3. It overcomes internal pressure exerted by 
the release of adhesive solvents and water 
vapor (Kollmann et al. 1975; Zenkteler 
1968). 
4. It overcomes internal pressure exerted by 
the swelling substrates (Perkitny and Kings- 
ton 1972). 
5. It overcomes surface imperfections and di- 
mensional mismatch between the mating 
surfaces during curing or setting time (Cagle 
1968). 
6. Finally, clamp pressure serves to hold the 
assembly parts in position until the adhe- 
sive sets or cures (Brown et al. 1952). 
Clamp pressure has been treated in various 
ways in the literature, including relationship 
to special types of glues and physical condition 
of the surface prior to gluing. In basic hand- 
books on wood and wood adhesives (Forest 
Products Lab 1974; Kollmann et al. 1975) sug- 
gestions about the magnitude of clamp pres- 
sure are very general without pointing to any 
optimum level. 
Research dealing directly with clamp pres- 
sure problems in relation to the mechanical 
properties of wood has been limited. Truax 
(1 929) reported satisfactory glueline results 
with clamp pressures ranging from 0.7 MPa to 
4.4 MPa and emphasized that the wood being 
glued had to be strong enough to withstand 
crushing at the higher pressures. It has also 
been reported (Stasiak 1963) that the necessary 
glueline clamping pressure can be related to 
the elastic properties of wood, the surface tex- 
ture, and the hardness of the wood species to 
be glued. Marra (1 980) recognized that one of 
the penalties of excessively high pressure is 
compression of the wood beyond its propor- 
tional limit. 
The Wood Handbook (Forest Products Lab 
1974) describes wood as being an orthotropic 
material that possesses unique and indepen- 
dent mechanical properties in the three mu- 
tually perpendicular axes, i.e., longitudinal, 
tangential, and radial direction. But this 
knowledge of unique wood properties has not 
been effectively utilized in the gluing process. 
There are no reports in the literature linking 
the magnitude of clamp pressure with ortho- 
tropic mechanical properties of wood. 
Recent research (Rabiej and Behm 1989) has 
verified that orientation of the orthotropic 
structure has a systematic and significant effect 
on the tested compression strength of wood. 
It follows that the compression strength and 
thus the grain orientation of stock to be bonded 
is a fundamental factor that limits the mag- 
nitude of effective clamp pressure. Experi- 
mental glueline data (Rabiej and Brown 1986) 
have shown that orthotropic wood structure 
and magnitude of clamp pressure are among 
the factors that affect the setting rate of ad- 
hesives. Resin penetration during gluing is also 
significantly influenced by wood structure 
(Brady and Kamke 1989). It has also been ob- 
served that the magnitude of clamp pressure 
required in a gluing operation is somewhat 
contingent on the moisture content and con- 
dition of the wood surfaces, as well as the phys- 
ical properties of the wood, which vary with 
orientation of the bonding surfaces. 
Some recognition of these principles has been 
demonstrated by furniture craftsmen who have 
traditionally applied greater pressure to bond 
hardwoods than softwoods. For example, oak 
(Quercus sp.) is usually glued at a clamp pres- 
sure of 0.7 MPa to 1.2 MPa, whereas a soft- 
wood such as pine (Pinus silvestris L.) is nor- 
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mally glued at a pressure of 0.4 MPa to 0.8 
MPa (Metrak 1975; Zenkteler 1968). 
Baumann and Marian (1 96 1) summarized 
the difficulty in defining an optimum clamping 
pressure in the following statement: ". . . op- 
timum pressure may assume very different 
values in the various gluing processes. . . . the 
optimum pressure cannot be uniformly de- 
fined for all glues and gluing conditions . . . as 
is shown by various examples cited in litera- 
ture, the pressure depends on the type of glue 
used, viscosity, pressing temperature, type and 
surface of wood, moisture content, etc. . . ." 
SCOPE 
The purpose of this paper is to report the 
results of a study undertaken to determine op- 
timum clamping pressure for gluing selected 
wood species. The importance of orthotropic 
wood structure, along with other variables in- 
herent in the gluing process were prime con- 
siderations in assessing resultant mechanical 
properties of glued wood joints. 
The independent factors studied were or- 
ganized into three main categories: wood prop- 
erties, bonding conditions, and types of ad- 
hesives. Orthotropic section (radial or 
tangential) and specific gravity were controlled 
for each species. 
Applied clamp pressure during gluing was 
varied from 0.0 1 MPa (hand rubbing) to about 
80% of the compression strength of the wood 
sample. For much of the experimentation, 0.7 
MPa (100 psi) and 2.8 MP (400 psi) were ar- 
bitrarily selected since they are commonly ap- 
plied in the furniture industry. 
Adhesives used in the study were a polyvinyl 
alcohol blend with polyvinyl acetate (PVAc 
adhesive), and a urea-formaldehyde resin with 
100 parts resin to 10 parts of catalyst by weight 
(U-F adhesive). The adhesives were donated 
by Franklin International and Perkins Co., re- 
spectively. Since these two glues were the only 
ones used, variables such as viscosity, molec- 
ular weight distribution, solids content, and 
fillers were held constant. 
Gluing parameters that were controlled in- 
cluded: adhesive spread rate, open assembly 
time, closed assembly time, wood moisture 
content, surface preparation, ambient relative 
humidity and temperature, and conditioning 
time. In each series of experiments, only one 
factor was varied; all others were kept con- 
stant. Regression analysis of the experimental 
data was used to determine correlation be- 
tween tested properties and independent vari- 
ables. 
Materials and preparation of specimens 
Two anatomically different woods were se- 
lected for the study: ponderosa pine (Pinus 
ponderosa) and sugar maple (Acer saccharum). 
Wood samples ofeach species were prepared 
from 19-mm-thick stock that had been brought 
to equilibrium moisture content at relative hu- 
midity of 50% t- 5% and temperature of 20 C 
+ 2. Pieces of stock 127 mm long were selected 
for straightness of grain and freedom from de- 
fects. They were sanded along the grain with 
a 60 grit belt. These represented, as nearly as 
possible, ideally quartersawn (radial section) 
or flatsawn (tangential section) pieces. The 
pieces were matched according to specific 
gravity and orthotropic structure and were 
bonded along the grain in tangential or radial 
sections (Figs. 1A and 1B). During the gluing 
procedure, grain orientation and magnitude of 
clamp pressure were closely controlled. The 
other bonding conditions were as follows: 
glue spread rate: 250 g/m2 
open assembly time: 15 seconds 
closed assembly time: 2 minutes 
cure temperature: 20 C k 2 (68 F k 3.6) 
clamp pressure duration for PVAc adhesive: 
2 hours 
clamp pressure duration for U-F adhesive: 3 
hours 
post-clamp cure and seasoning time: seven days 
Matched pieces were glued into test bars 
measuring 38 x 38 x 127 mm. Specimens of 
38 x 38 x 51 mm (1.5 x 1.5 x 2.0 in.) were 
cut from the glued bars (see Fig. lA, B). All 
specimens were marked with respect to specific 
gravity, grain orientation, type of adhesive ap- 
plied, and magnitude of applied clamp pres- 
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FIG. 1. Grain orientation 
ing. A. Tangential sections. 
of bonded specimens for test- 
B. Radial sections. 
sure. Specimens with the same specific gravity 
were used during the study, except when the 
effect of specific gravity on shear strength (SH) 
and percent of wood failure (WF) of the glue- 
line was studied. 
Test methods 
Selected physical and mechanical properties 
were determined using the recognized ASTM 
(1983, 1989) test method. 
For each species, a reference value for com- 
pression strength perpendicular to the grain 
was determined for both radial and tangential 
sections of each sample. The compression 
strength of wood perpendicular to the grain is 
affected by the way load is distributed across 
the sample surface (Kollmann and CBti 1968). 
Therefore, specimen sizes were selected to 
match available equipment so that the total 
area of the sample was covered by the load 
footprint. Compression strength tests were 
conducted on specimens measuring 25 x 25 
x 25 mm. 
Tests of glueline shear strength were per- 
formed with load applied in a continuous mo- 
tion at a rate of 2.5 mm per minute. The glue- 
line shear specimens were 12.7 mm narrower 
than recommended by ASTM D 905-89 to re- 
duce the maximum loads required. 
In all tests, specific gravity of the wood sam- 
ple was recorded. While it differed from the 
0.65 value recommended by ASTM D 905- 
89, subsequent testing required using samples 
with specific gravity as found under the pre- 
scribed conditions. 
RESULTS AND DISCUSSION 
Data summarizing the physical and related 
structural and mechanical properties of each 
of the selected wood species are found in Table 
1. The other tested relationships are illustrated 
with regression lines graphed in Figs. 2 through 
10 (correlation coefficients are in parentheses 
behind each legend). A summary of test pa- 
rameters and statistical data for each test may 
be found in Table 2. In all cases, the reported 
test results were significant at the 95% level of 
confidence unless specifically stated otherwise 
in discussion of the data. 
Compression strength of a wood sample 
measured with load applied to the longitudi- 
nal-radial surface is significantly different than 
compression strength measured with load ap- 
plied to the longitudinal-tangential surface. 
Therefore, all references to compression 
strength in this paper are in respect to specific 
orientation of the wood during a particular test 
and should not be confused with "average7' 
values derived from random samples. Simi- 
larly, when the term "glueline shear strength" 
is used, it will always refer to a particular or- 
thotropic orientation, i.e., matched radially 
bonded sections or tangentially bonded sec- 
tions. This is an important distinction because 
TABLE 1. Average physical and mechanical properties of tested species. * 
Property 
Species EMC SG CSR l CST l CSEll SHRll SHTII 
Sugar Maple 6.9 0.68 17.2 30.5 90.5 30.3 38.3 
(1.1) (9.4) (18.5) (1 4.0) (1 1.0) (9.3) (7.1) 
Ponderosa Pine 7.1 0.47 9.8 7.3 62.3 16.4 17.3 
(3.5) (12.2) (20.1) (1 1.7) (18.9) (17.3) (1 7.1) 
- - - 
* Numbers in parentheses are coefficients of variation in percent. 
EMC = equilibrium moisture content in %, SG = specific gravity; C S R l  = compression strength on longitudinal-radial surface, MPa; C S T l  = compression 
strength on longitudinal-tangential surface, MPa; CSEIJ = compression strength on transverse surface, MPa; SHRll = shear strength on longitudinal-radial 
surface, MPa; SHTll = shear strength on longitudinal-radial surface, MPa. 
TABLE 2. Experzment parameters and regression equation coeficzents. 
Ortho- 
trooic 
Gluing parameters Come- 
lation 
wdod Clamp Tested propeny Regression coefficients1 c~ern- 
Rg. Species of wood sections Specific time Independent cient 
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FIG. 2. Effect of specific gravity on shear strength and 





these matched sections with controlled specific 
gravity produce somewhat higher test values 
than are generally reported in the literature 
where glued halves may not be matched in 
either grain orientation or specific gravity. 









Since every piece of wood is unique, many 
variables are introduced into any study ofwood 
or its applications. In this study, selected prop- 
erties deriving from the orthotropic structure 
of wood were treated as primary and system- 
atic variables. Mechanical and physical prop- 
erties of wood vary in relation to three mu- 
tually perpendicular axes due to the orthotropic 
structure of wood. For example, using solid 
wood samples, the tangential compression 
strength of sugar maple is higher than the ra- 
dial compression strength. The reverse is true 
for ponderosa pine, where radial compression 
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SPECIFIC GRAVITY O F  P.PINE 
FIG. 3. Effect of specific gravity on shear strength and 
percentage of wood failure in glued joints of ponderosa 
pine. 
strength is higher than tangential compression 
strength. These species also exhibit variations 
in shear strength similar to their relative com- 
pression strength characteristics. Summary 
data (Table 1) on compression strength and 
shear strength of the two studied species bear 
out the variation in mechanical properties that 
result from structural differences. 
The effects of the wood structure and specific 
gravity on glueline shear strength and per- 
centage of wood failure are illustrated in Figs. 
2 and 3. PVAc adhesive was used in both cases 
and the applied clamp pressure was constant 
at 2.8 MPa (400 psi) for maple and 0.7 MPa 
(100 psi) for pine. Studying the percentage of 
wood failure in a tested joint provides infor- 
mation about the mode of failure as well as 
joint strength and leads to a better understand- 
ing of the behavior of the adhesive. In this test, 
as in all others throughout the study, there was 
no glue starvation observed in the tested joints. 
As can be seen from Fig. 2, tested glueline 
strength of tangential sections of maple is sig- 
nificantly higher than for radial sections. In- 
creasing specific gravity of the samples also 
had a positive effect on the glueline strength 
for both orthotropic sections. These results 
parallel those obtained with solid wood sam- 
ples. Note, however, that the percentage of 
wood failure results varied according to sec- 
tion (upper part of Fig. 2). The radially bonded 
specimens produced 98% wood failure, with 
results unaffected by increasing specific gravity 
from 0.68 to 0.80. On the other hand, wood 
failure of tangentially bonded specimens var- 
ied inversely with specific gravity with 100% 
wood failure produced at 0.65 specific gravity 
but only 25% at 0.81 specific gravity. 
A strong relationship was observed (Fig. 2) 
between glueline shear strength and specific 
gravity of maple, as indicated by correlation 
coefficients greater than 0.8 for both tangen- 
tially and radially bonded specimens. It was 
noted, however, that when the data were 
lumped together so as to ignore the grain ori- 
entation, the coefficient dropped to Rw = 0.52. 
The observed relationships between specific 
gravity of pine, glueline shear strength, and 
percentage of wood failure achieved with PVAc 
adhesive are illustrated in Fig. 3. It should be 
noted that strength tests with pine produced 
results opposite those observed with maple. 
Highest glueline shear strength for pine was 
produced with radially bonded samples and 
lowest by tangentially bonded samples. Ra- 
dially bonded pine specimens showed a direct 
relationship between shear strength and spe- 
cific gravity with a correlation coefficient of 
0.88. However, the relationship for tangen- 
tially bonded specimens was less clear with a 
correlation coefficient of only 0.49. 
All radially bonded specimens produced 
100°/o wood failure, while tangentially bonded 
specimens averaged 97%. Specific gravity 
played no significant role in percent of wood 
failure. 
For both sugar maple and pine, the orien- 
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CLAMP P R E S S U R E  ON S.MAPLE (PSI) 
FIG. 4. Effect of clamp pressure on shear strength and 
percentage of wood failure in glued joints of sugar maple. 
tation of specimens relative to orthotropic 
structure has a direct influence on the results 
of glueline tests and should not be ignored. 
Eflect ofthe magnitude of clamp 
pressure on glueline strength of maple 
In tests to determine the effect of the mag- 
nitude of clamp pressure, specific gravity of 
specimens was kept constant to eliminate any 
effect on glueline strength and percent of wood 
failure. Then the separation of radially cut 
specimens from tangentially cut specimens al- 
lowed a means of concentrating on only the 
relationships between clamp pressure and 
structural orientation as they affect the results 
ofglueline tests. Results oftests on sugar maple 
are shown in Fig. 4. For both radial and tan- 
gential sections, hand-rubbing clamp pressure 
led to the lowest glueline shear strength values 
and lowest percentage of wood failure. Increas- 
- 
ORTHOTROPIC SECTIONS. 
0 = TANGENTIAL(O.998) 
A = RADIAL(0.994) 
CP = 2.8MPa aq 
SPECIFIC GRAVITY OF S.MAPLE 
FIG. 5. Relationship between specific gravity and rel- 
ative clamp pressure (expressed as a proportion of com- 
pression strength) for glued joints of sugar maple. 
ing the clamp pressure produced increased val- 
ues of both shear strength and wood failure at 
the glue line. 
The vertical, dashed lines show the opti- 
mum clamp pressure for maximum shear 
strength (lower part of Fig. 4) and maximum 
wood failure (upper part of Fig. 4) for both 
radially bonded and tangentially bonded spec- 
imens. When clamp pressures were increased 
beyond these lines, the test values started to 
decrease. Maximum effective (optimum) clamp 
pressure for radially bonded specimens with 
SG = 0.68 was approximately 8.4 MPa, while 
for tangentially bonded specimens it was ap- 
proximately 16.8 MPa. 
Note that for radially bonded specimens, the 
optimum clamp pressure for maximum per- 
centage of wood failure (94%) was about the 
same as for shear strength. However, for tan- 
gentially bonded specimens, the optimum 
clamp pressure to achieve maximum percent- 
age of wood failure (80%) was somewhat lower 
than that required for maximum shear strength. 
Correlation coefficients obtained (RsHt = 0.80, 
R,,r = 0.81, Rw,r = 0.61, RwFt = 0.59) justify 
a high degree of confidence in these data. 
Since compression strength of the sample 
limits the maximum clamp pressure that can 
be applied without destruction, it was desired 
to express optimum clamp pressure for any 
sample as a coefficient of compression strength. 
Figure 5 shows a general relationship between 
clamp pressure and compression strength, and 
specifically illustrates the effect of the struc- 
tural orientation of the bonded pieces. Using 
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1 00 this ratio, the variation in compression strength 
of the individual bonded specimens due to ori- - 80 x entation of the orthotropic wood structure was - 
w recognized as a basic factor in determining op- 5 60 timum clamp pressure. 
g As can be seen from the lower graph in Fig. 
6, optimum clamp pressure for shear strength 
0 = TANGEI !~T IAL(O.~~~)  
a = RADIAL 0.608) f is in the range of 0.5 to 0.6 CP/CS for both radial and tangential sections of maple. The 
I optimum clamp pressure for maximum wood 
. . . . . . . . . . . . . . . . . . . . . . . .  failure as read from the upper graph is slightly 
below 0.5 CP/CS. 
Closer inspection of the lower graph in Fig. 
6 shows that curves expressing the relationship 
between glueline shear strength and the CP/ 
CS ratio in the range from 0.0 to 0.3 are steeper 
than from 0.3 and above for both radial and 
tangential sections. In other words, for radial 
sections, the greatest gain in glueline strength 
O=TANG ENTIAL (0.798) 
A=RADIAL! (0.807) attributable to increases in clamp pressure (2 1 
WAC, ~ ~ ~ 0 . 6 7 5  to 27 MPa) occurs by the time CP/CS reaches 
0.000 0.200 0.400 0.600 0.800 1 .000 0.3. With further increases in CP/CS, glueline 
CLAMP PRESSURE ON S. MAPLE (CP/OCS) shear strength only increases to about 29 MPa. 
With tangential sections, glueline shear strength 
FIG. 6. Effect of relative clamp pressure on shear rises from 25 ~p~ to 35 ~p~ and 
strength and percentage of wood failure in glued joints of 
medium density sugar maple. peaks slightly above 37 MPa. Thus, it appears 
that for most practical applications, clamping 
bonded maple samples that had been clamped 
with a pressure of 2.8 MPa, the constant clamp 
pressure (CP) was divided by the tested com- 
pression strength at the proportional limit (CS) 
of the respective sample. This ratio, CP/CS, 
was then plotted against the specific gravity of 
the samples (individual data points were plot- 
ted). Ratios were higher for radial than for 
tangential sections because the compression 
strength of radial sections of maple is lower. 
It is apparent that the application ofload caused 
radial sections to be stressed nearer to their 
elastic limit than were tangential sections sub- 
jected to the same load. 
Using the idea of a coefficient to aid in the 
study of general relationships, the data rep- 
resented in Fig. 4 were transformed into the 
graph presented in Fig. 6, where the value of 
clamp pressure in MPa has been replaced by 
the calculated values of the CP/CS ratio. Using 
pressures for sugar mailk where the CP/CS 
ratio equals 0.3 will be optimum in terms of 
economy of effort and soundness of joints. 
All data show decreasing values of shear 
strength when the clamping pressure is in- 
creased above the apparent optimum CP/CS 
ratio. This supports the notion that excessively 
high pressure results in compression of the 
wood beyond its proportional limit (Marra 
1980; Truax 1929). 
Results of tests on sugar maple of higher 
specific gravity (0.80) are illustrated in Fig. 7. 
Both glueline shear strength and percentage of 
wood failure of radially bonded specimens are 
positively affected by increasing clamp pres- 
sure and again reach maximum value when 
the CP/CS ratio reaches about 0.5. Tests on 
tangentially bonded specimens of higher spe- 
cific gravity maple (staggered values of 0.79, 
0.81, 0.83, 0.85) yielded somewhat different 
results. Note that since specific gravity was not 
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held constant, an optimum value of clamp 
pressure could not be identified. The mean val- 
ue for percent of wood failure was only 23%. 
There is clearly a difference between ortho- 
tropic sections at higher specific gravity, while 
both of the low specific gravity sections pro- 
duced 100°/o wood failure at the optimum 
clamp pressure (Fig. 6). 
Conclusions drawn from data presented sug- 
gest that the ultimate glueline strength of sugar 
maple may be increased by: 
bonding structurally stronger wood sections 
(tangential), 
using specimens of higher specific gravity, and 
applying optimum clamp pressure. 
The mechanism involved in the first two 
actions is well understood. The improvement 
of glueline shear strength by optimizing clamp 
pressure is presumably due to closer contact 
of wood surfaces that have been plasticized by 
water contained in the adhesive, and increased 
glue penetration into the substrates. Increased 
adhesive penetration involves a larger volume 
of substrate in the carrying of shear stresses 
during testing or service (Suchsland 1958). The 
matching of orthotropic orientation in bonded 
joints may also reduce internal stresses in the 
glue line that are caused by differential swelling 
and shrinking pressures (Perkitny and Kings- 
ton 1972) between radial and tangential sec- 
tions. Because of these factors, it is suspected 
that glueline durability may also be much im- 
proved when grain orientation is among the 
parameters that are optimized in the gluing 
process. 
The observed test results may be largely ex- 
plained by fundamental adhesive and adhe- 
sion phenomena related to the structure of 
wood. Panshin and de Zeeuw (1970) proved 
that vessel elements in the earlywood of diffuse 
porous species are shorter than those found in 
the latewood of the annual growth ring. Thus, 
the vessel elements may be more easily pulled 
out of earlywood resulting in a greater per- 
centage of wood failure than occurs in late- 
wood. 
In tangential sections, the structure of sugar 
W A C ,  SG-9.80 ' 
. . . . ' . . . . ' . . . . ' . . . . ' . * . .  
0.000 0.200 0.400 0.600 0.800 1 .DO0 
CLAMP PRESSURE ON S .  MAPLE (CP/OCS) 
FIG. 7. Effect of relative clamp pressure on shear 
strength and percentage of wood failure in glued joints of 
high density sugar maple. 
rnaple is reinforced with about 18% of the wood 
being rays that act like ties anchoring adjacent 
a.nnua1 rings (Brown et al. 1952). In order to 
get deep wood failure on these sections, an 
a~dhesive must possess very high adhesion 
properties and a substantial depth of penetra- 
tion. 
Another factor that seems to affect the per- 
centage of wood failure is overall specific grav- 
ity of tested specimens and variation in specific 
g,ravity in the annual growth ring. Figure 2 
shows clearly that for tangential sections of 
sugar maple, increasing specific gravity exerts 
a. strong negative influence on the percentage 
of wood failure. However, the intensity of the 
relationship presented for tangentially bonded 
specimens was not apparent for the radially 
bonded specimens. 
Structural variations that are manifest in 
variations in specific gravity reveal many rea- 
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1 0  
5 
PVAc. SG - 0.46 
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ClAMP PRESSURE ON P. PINE (PSI) 
FIG. 8. Effect of relative clamp pressure on shear 
strength and percentage of wood failure in glued joints of 
ponderosa pine. 
sons for wood failure variability. Diffuse po- 
rous hardwoods such as maple have mean val- 
ues of specific gravity of from 0.50 to 0.53 for 
earlywood and from 0.67 to 0.75 for latewood 
(Kollmann and C6ti 1968). Porosity of wood 
is inversely related to its specific gravity. It 
follows that a wood of higher specific gravity 
offers a less porous structure, and hence re- 
duced capillary absorption and glue penetra- 
tion. Variation of chemical composition of 
earlywood to latewood also plays a role in per- 
centage of wood failure at the glue line. Frag- 
mentary work with a few species indicates that 
not only is there more cellulose in latewood 
but it also has a greater degree of polymeriza- 
tion, higher specific gravity, and more crys- 
tallinity (Panshin and de Zeeuw 1970). All of 
these factors reduce the number of unbonded 
hydroxyl groups, thus adhesion of glue and its 
penetration. Porous earlywood has more 
I 
amorphous areas that offer more unbonded I 
hydroxyl groups and thus more bonding op- 
portunity for the absorbed adhesive. 
Strength of the glue line is usually greater as 
thickness of the adhesive film decreases, which 
in turn tends to be accompanied by a higher 
percentage of wood failure of the substrates. It 
seems obvious that the thickness of the glue 
line is reduced as clamping pressure is in- 
creased. It is generally recognized that glue 
penetration plays a substantial role in glueline 
development and its failure. Glue that has pen- 
etrated the substrate improves the mechanical 
strength properties of wood layers that were 
saturated by the glue. One effect is that spec- 
imens with proper glue penetration will show 
deeper wood failure than those with less pen- 
etration. The observed differences of the per- 
centage of glue joint wood failure between ra- 
dial and tangential sections of maple support 
a hypothesis that the radial orientation allows 
for deeper adhesive penetration than does the 
tangential orientation. Electron microscopy is 
needed for further verification of this phenom- 
enon. 
Efect of the magnitude of clamp pressure on 
glueline strength of pine 
As with solid wood, test specimens of or- 
thotropically matched and glued pine exhib- 
ited different relationships than maple among 
clamp pressure, glueline shear strength, and 
percentage of wood failure. 
These relationships for pine wood of a con- 
stant specific gravity of 0.46 are depicted in 
Fig. 8. For radial specimens, the mean glueline 
shear strength was 10.1 MPa, and for tangen- 
tial specimens it was 7.0 MPa. It should be 
noted that this property ofpine (higher glueline 
shear strength for radially bonded specimens 
than for tangentially bonded specimens) is the 
opposite of the results observed for maple. The 
percentage of wood failure was 100% for radial 
sections and 98% for tangential sections. 
These experiments verified that orthotropic 
characteristics are unique to each species of 
wood and should therefore be recognized in 
tests of wood properties and applications in 
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order to reduce the effects of interaction of 
independent variables. 
Test results on maple also suggest that as 
specific gravity of wood increases, especially 
on tangential sections, either the holding pow- 
er of fibers in the wood structure exceeds the 
cohesive forces of an adhesive or, decreasing 
porosity of wood significantly reduces glue 
penetration. As a result, percentage of wood 
failure during glueline tests decreased as the 
specific gravity of the sample increased. 
Efect of type of adhesive on 
glueline strength 
Test results using urea-formaldehyde (U-F) 
adhesive are illustrated in Figs. 9-10. For the 
maple samples, with all other factors held con- 
stant, the glueline shear strength achieved with 
U-F adhesive was somewhat lower than with 
the PVAc formulation. This relationship was 
true for both orthotropic sections. The nature 
of the curves obtained with U-F adhesives was 
also quite different, with the peak strength val- 
ues being reached at much lower clamp pres- 
sures and falling off rapidly as pressure was 
increased. Percentage of wood failure was also 
lower with U-F adhesives on maple, particu- 
- - 
larly on the tangential sections. There were 
slight variations in specific gravity between 
samples tested with the different glue formu- 
lations, but this was probably not a significant 
factor. The relative shear strength between ra- 
dial and tangential sections was maintained 
with the tangentially bonded specimens exhib- 
iting higher values than the radially bonded 
specimens. Note in Fig. 9 that the maximum 
amount of clamp pressure applied on the tan- 
gentially bonded specimens of maple was al- 
most twice as large as that for the radially 
bonded specimens. This again shows that ra- 
dially cut specimens are fundamentally differ- 
ent from tangentially cut specimens in terms 
of compression and shear strength. The data 
also suggest that relative units (the ratio of 
clamp pressure to compressioin strength) will 
be useful in determining optimum clamping 
pressure. 
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FIG. 9. Effect of relative clamp pressure on shear 
strength and percentage of wood failure in sugar maple 
joints using U-F glue. 
with U-F glue are presented in Fig. 10. It is 
noteworthy that tests on pine did not produce 
high correlation among glueline shear strength, 
wood failure and the CP/CS ratio (Table 2). 
However, the different performance of pine 
wood with respect to orthotropic orientation 
should be emphasized. The radially bonded 
specimens produced higher glueline shear 
strength than the tangentially bonded speci- 
mens. This relationship is opposite that for 
maple and is consistent with other data (Okko- 
nen and River 1989). 
Efect of the wood species on the 
glueline shear strength and 
percentage of wood failure 
A number of practical observations may be 
made based on data presented in Figs. 2-10. 
Differences in glueline shear strength and per- 
centage of wood failure vary by wood species 
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FIG. 10. Effect of relative clamp pressure on shear 
strength and percentage of wood failure in ponderosa pine 
joints using U-F glue. 
and by orthotropic section. This can be ex- 
plained by structural differences affecting glue 
penetration into the substrate and the unifor- 
mity and thickness of the glue line. The basic 
morphology of wood is important in under- 
standing the effect of orthotropic wood struc- 
ture on glueline development and its mechan- 
ical properties. 
It may be assumed that glueline shear 
strength tests results were higher for maple than 
for pine due to: 
generally higher density maple wood, 
more homogeneous wood structure due to more 
even specific gravity distribution in the an- 
nual growth ring of maple (Kollmann and 
CBtk 1968), 
about 18% of the structural elements (wood 
rays) are placed in the radial direction in 
maple vs. only 5% in pine (Brown et al. 1952). 
The highest percentage of wood failure was 
recorded on radially bonded specimens re- 
gardless of the tested wood species, probably 
because glue has easy access to the earlywood 
in the annual growth ring. The tangentially 
bonded specimens of pine produced a greater 
percentage of wood failure than similar spec- 
imens of maple, probably due to greater po- 
rosity. 
The distinct inverse relationship between 
specific gravity and the percentage of wood 
failure was especially apparent when tangen- 
tially matched specimens of maple were bond- 
ed with either adhesive. 
CONCLUSIONS 
1. The strength of glue lines using the ad- 
hesives employed in this study is closely re- 
lated to the orthotropic structure and specific 
gravity of the wood species. Highest shear 
strengths were found in tangentially bonded 
specimens of sugar maple, while lowest were 
produced by tangentially bonded specimens of 
ponderosa pine. 
2. Tangentially bonded specimens of sugar 
maple exhibited significantly higher glueline 
shear strength and lower percentage of wood 
failure than did radially bonded specimens. In 
contrast, radially bonded pine specimens ex- 
hibited both higher shear strength and per- 
centage of wood failure than did tangentially 
bonded specimens. The exact reasons for this 
phenomenon require further study. 
3. Optimum clamp pressure for sugar ma- 
ple was determined to be a ratio of 0.3 times 
the compression strength using U-F glue and 
0.5 times using PVAc. 
4. Increasing clamp pressure did not de- 
velop a substantially stronger glue line on ei- 
ther orthotropic section of pine. 
5. Regardless of the magnitude of applied 
clamp pressure, a higher percentage of wood 
failure was observed for radially bonded spec- 
imens of both tested species than for tangen- 
tially bonded specimens. 
6. Tangentially bonded specimens showed 
a significant decrease in wood failure values 
when the specific gravity of the specimen in- 
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creased. The radially bonded specimens did 
not follow this pattern closely. More studies 
are required to explore that phenomenon. 
7. Both types of adhesives used in the study 
performed similarly on the tested wood species 
in terms of relative clamp pressure needed and 
results relative to orthotropic section. 
8. The same clamp pressure produces dif- 
ferent results in the two tested species because 
of the difference in compression strength with 
respect to orthotropic orientation as well as 
variations in specific gravity. 
9. Optimum clamp pressure can be ex- 
pressed as a coefficient of compression strength 
for the specific sections being glued. 
10. The criteria for optimum clamp pres- 
sure to be applied during the process of gluing 
solid wood seem to be correlated to: 
differences in orthotropic wood structure; 
compression strength at the proportional limit, 
which differs for radial and tangential sec- 
tions of the same species; 
specific gravity of the glued wood; 
physical and mechanical properties of the ad- 
hesive. 
1 1 .  In order to develop a better understand- 
ing of how clamp pressure and other param- 
eters affect the physical and mechanical prop- 
erties of a glue line, further investigation is 
needed in the following areas: 
examination of the glue line and its adjacent 
layers through microscopic and ultramicro- 
scopic tests; 
exploring why the radially bonded specimens 
produced significantly higher wood failure 
results; 
testing durability and quality of physical and 
mechanical properties of the glue line 
through the accelerated aging method, cycle 
loading method, long-term loading method; 
testing how orthotropic wood structure affects 
water resistance of glue lines. 
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